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ABSTRACT: Two-component polymer solutions [i.e.,
poly(methacrylic acid) (PMAA) and poly(vinylpyrrolidone)
(PVP)] were prepared through solution polymerization. The
complex system PMAA/PVP was obtained through the
mixing of a PMAA solution and a PVP solution in different
volume ratios at certain concentrations. The properties of the
component solutions and the complex system were investi-
gated with transmittance, surface tension, and viscosity

measurements. The results showed that the properties of the
complex system were related not only to the ratio of PMAA
to PVP but also to the concentration of the PMAA and PVP
solutions. © 2005 Wiley Periodicals, Inc. ] Appl Polym Sci 96:
2280-2286, 2005
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INTRODUCTION

Poly(vinylpyrrolidone) (PVP) contains acrylamide
and carbonyl groups and so can interact with some
polar compounds to form new materials with special
performances. The complexation of PVP with micro-
molecules has been studied in dep’rh,1 and this com-
plex system is widely used in our daily lives. PVP can
also interact with some polymers containing polar
groups to modify the properties of the polymers.
The interactions of PVP with hydrolyzed polyacryl-
amide (HPAM), polyimide (PI), and poly(methacrylic
acid) (PMAA) are described in the relevant litera-
ture.28 Yang and Xu,? for example, researched the
mixed system PVP/HPAM with viscosity, ultraviolet
(UV) spectroscopy, infrared, and differential scanning
calorimetry (DSC) measurements, and the results
showed that the interaction of PVP and HPAM could
result in the formation of a supermolecular structure,
and the viscosity resistant to salt could be enhanced.
Yuan and Wu® researched molecular composites of PI
and PVP, and the specific acid—base interaction be-
tween the polyamic acid (the precursor of PI) and PVP
was confirmed experimentally; by this specific inter-
action, the miscibility of PI with PVP was substantially
improved. Yang et al.* studied the mechanism of com-
plexation between hydroxy ethyl cellulose (HEC) and
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PVP with viscosity, UV, Fourier transform infrared
(FTIR), and DSC methods. The results indicated that
the viscosity of PVP/HEC complex systems displayed
negative synergic effects, and both the UV and FTIR
spectra showed that the PVP/HEC complex was
formed through hydrogen bonding.

PMAA is a low-cost and widely used polymer. It
contains carboxyl groups that can interact well with
PVP to form a new compound material. While re-
searching PMAA /PVP complexation, Peng and Yu®
discovered that PMAA/PVP complexation could ab-
sorb the hydroxybenzene substance well and could be
used in water treatment. In addition, Liu et al.® re-
searched PMAA/PVP complexation with a fluores-
cence technique, and the results showed that the con-
formation of PMAA molecular chains changed after
the complexation of PMAA with PVP. Cascone et al.”
prepared PMAA /PVP complexes by template and di-
rect-mixing methods, and they studied the properties
with DSC, thermogravimetric analysis, and FTIR mea-
surements. The results showed that the complexes
prepared by the template method presented a more
regular structure than those made by direct mixing.
Kazakhstan'’s scientists studied the surface properties
of PMA/PVP complexes.® All this research was
mostly concerned with solid complexes formed by the
mixing of PMAA and PVP solutions; studies on the
PMAA/PVP complex system in aqueous media are
rarely reported.

Because PMAA and PVDP, as well as their corre-
sponding monomers, are water-soluble, they can be
prepared by solution polymerization in aqueous me-
dia, which are much better than other media because
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Figure 1 Variation of the transmittance of the complex system PMAA /PVP with the volume ratio at certain concentrations.

of environmental factors. Therefore, we prepared
PMAA and PVP by solution polymerization in aque-
ous media and mixed PMAA and PVP solutions to
obtain the complex system PMAA /PVP. We then re-
searched the interaction between the macromolecular
chains in aqueous medjia. In this study, we examined
the interaction of PMAA and PVP with transmittance,
surface tension, and viscosity measurements.

EXPERIMENTAL
Materials

Vinyl pyrrolidone (NVP; 99% content) was supplied
by Beijing Oilfield Chemical Co. (Hangzhou, China).
a-Methylacrylic acid (MAA; chemically pure) was a
product of Chengdu Kelong Chemical Reagents Fac-
tory (Chengdu, China). Azobisisobutyronitrile (AIBN)
and potassium persulfate (KPS), from Beijing Chemi-
cal Factory (Beijing, China), were chemically and an-
alytically pure, respectively. All the materials were
used directly. Deionized water was used in all exper-
iments.

Preparation of PVP

PVP was prepared by solution polymerization in an
aqueous medium. The initiator (AIBN; 0.012 g), 16 g of
NVP, and 4 g of deionized water were added to a
three-necked flask (TNF) equipped with a mechanical
stirrer and a reflux condenser. When the temperature
of the mixture rose to 70°C, the temperature was kept
constant for about 3 h. The obtained PVP solution was
dried at 100°C for about 3 h, and a PVP solid was
obtained.

Preparation of PMAA

PMAA was also prepared by solution polymerization
in an aqueous medium. The initiator (KPS; 0.075 g),
15 g of MAA, and 135 g of deionized water were
added to a TNF equipped with a mechanical stirrer
and a reflux condenser. When the temperature of the
mixture rose to 80°C, the temperature was kept con-
stant for about 5 h. The obtained PMAA solution was
dried for about 3 h, and a PMAA solid was obtained.

Preparation of the complex system PMAA/PVP

The solid PVP and PMAA were solved in deionized
water; the concentrations were 0.06, 0.04, 0.02, 0.005,
0.002, and 0.0005 g/mL. Then, PMAA and PVP solu-
tions of certain concentrations were mixed in different
volume ratios. In the end, the complex system
PMAA /PVP was obtained. The volume ratio of the
PMAA solution to the PVP solution ranged from 9:1 to
1:9.

Measurements

Transmittance measurements of the complex system
PMAA /PVP were performed on a model 721 photom-
eter (Sichuan Analytical Apparatus Factory, Chong-
qin, China) at room temperature. The wavelength was
500 nm. The reference solution was deionized water,
the transmittance of which was determined to be
100%.

Surface tension measurements of the complex sys-
tem PMAA /PVP were performed on an interface ten-
sion apparatus (Hebei Province Chende Material Test-
Machine Factory, Chende, China) at room tempera-
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Scheme 1 Complexation of PMMA and PVP at high concentrations.

ture. Deionized water was the reference solution, the
surface tension of which was determined to be 73
= 0.2 mN/m.

Viscosity measurements of the complex system
PMAA /PVP were performed on a Brookfield LVDV-
III viscometer (Brookfield Engineering Laboratories,
Inc., Middleboro, MA) at 25 = 2°C.

RESULTS AND DISCUSSIONS

According to the experiments, when PMAA and PVP
solutions were mixed in different concentrations, the
macrophenomenon of complexation was markedly
different. When the concentrations of the component
solutions were 0.06, 0.04, and 0.02 g/mL, achromic
and transparent aqueous gels with small, white floc-
cules were obtained. When they were mixed at the
medium concentration, that is, 0.005 g/mL, strange
phenomena occurred: lots of small, white floccules
were obtained, and the complex system became
opaque. When they were mixed at the lower concen-
tration, that is, 0.002 mL/g, a transparent and azury
solution was obtained. When the concentration of the
component solution was 0.0005 g/mL, the complex

system remained in the achromic and transparent so-
lution state.

When PMAA and PVP solutions of certain concen-
trations were mixed in different volume ratios, the
phenomenon of the complex system was also differ-
ent. At the higher and medium concentrations (0.06—
0.005 g/mL), when the volume ratio of PMAA to PVP
was 6:4 to 3:7, more aqueous gel or white floccules
could be gained than with other volume ratios.

From the variations of the phenomena of the com-
plex system, we assumed that PMAA and PVP inter-
acted by hydrogen bonds. Intermacromolecular com-
plexation caused the properties of the complex system
to be much different from those of the component
solutions. Therefore, we investigated the transmit-
tance, surface tension, and viscosity of the complex
system and component solutions to determine the
variation rules.

Analysis of the transmittance of the complex
system PMAA/PVP

Figure 1 shows the variation of the transmittance of
the complex system with the volume ratio of PMAA to

Scheme 2 Complexation of PMMA and PVP at how concentrations.
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TABLE 1
Volume Ratios and Group Molar Ratios of the Complex System
PMAA/PVP (volume ratio) 9:1 8:2 7:3 6:4 5:5 4:6 3:7 2:8 1:9
—COOH/C=0 (molar ratio) 116:1 516:1 3.01:1 1.93:1 1.29:1 0.86:1 055:1 032:1 0.14:1

PVP when the concentrations of the component solu-
tions were 0.0005, 0.002, 0.005, 0.02, 0.04, and 0.06
g/mL. At a lower concentration, that is, 0.0005 g/mL,
the transmittance of the complex system was nearly
the same as that of the component solutions in the
range of 9:1 to 1:9 PMAA/PVP. When the concentra-
tion of PMAA and PVP was 0.005 g/mL, the transmit-
tance of the complex system at each volume ratio was
much lower than that of the component solutions, and
when PMAA/PVP ranged from 9:1 to 1.9, the trans-
mittance values of the complex systems were close to
one another. When PMAA and PVP solutions were
mixed at a higher concentration (0.02-0.06 g/mL), the
transmittance of the complex system became lower
and lower as PMAA /PVP ranged from 9:1 to 6:4, and
when PMAA /PVP was 6:4 to 3:7,the transmittance of
the complex system was lowest.

The measurements fit the macrophenomena well.
When PVP and PMAA solutions were mixed at the
higher concentrations (0.06, 0.04, and 0.02 g/mL), the
macromolecular chains were curly, many macromo-
lecular chains packed and reacted with one another
(Scheme 1), and a gel substance deposited from the
water phase. As a result, the transmittance of the
complex system was lower than that of PMAA and
PVP solutions. On the contrary, when PMAA and PVP
solutions were mixed in diluted solutions (0.002 and
0.0005 g/mL), the macromolecular chains were more
stretched, and they were wrapped by water mole-
cules. The formation of hydrogen bonds between the
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macromolecular chains and water molecules was eas-
ier than that between the macromolecular chains
(Scheme 2). This showed higher transmittance, like
that of the component solutions. During the experi-
ment, we also found a strange phenomenon: when
PMAA and PVP were mixed at 0.005 g/mL, a mass of
white floccules was formed and suspended in aqueous
media when PMAA /PVP ranged from 9:1 to 1:9, in-
stead of a gel substance being formed or the solution
state being maintained. Therefore, the transmittance of
the complex system was much lower than that of other
complex systems, reaching even about 3%. This phe-
nomenon requires further study in the future.

The transmittance of the complex system was re-
lated not only to the concentrations of the component
solutions but also to the volume ratios of PMAA to
PVP. At certain concentrations, when PMAA /PVP
ranged from 6:4 to 3:7, the molar contents of carboxyl
groups in PMAA and carbonyl groups in PVP were
close to each other (Table I), and these two groups
interacted well with each other. Therefore, more hy-
drogen bonds were formed between the carboxyl and
carbonyl groups, and many complexes came into be-
ing, weakening the interaction of the polymer with the
water molecule and resulting in a decrease in the
transmittance. At other PMAA/PVP volume ratios
(9:1 to 7:3 and 2:8 to 1:9), the molar content of the
carboxyl groups was quite different from the molar
content of the carbonyl groups, and this resulted in
more bare groups interacting with water molecules.

PMAA PVP concentration
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Figure 2 Variation of the surface tension of the complex system PMAA /PVP with the volume ratio at certain concentrations.
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The transmittance of the complex system at these ra-
tios was higher than that at other ratios.

Analysis of the surface tension of the complex
system PMAA/PVP

The polarity of the group is the important factor af-
fecting the surface tension of a solution. In general, the
surface tension increases with the polarity of the
group.” When PMAA and PVP solutions were mixed
together, the polarity of the complex system was
weakened because of the interaction of side groups in
the macromolecular chains, and this resulted in a de-
crease in the surface tension of the complex systems.
Figure 2 shows the variations of the surface tension
of the complex systems with the volume ratio at cer-
tain concentrations of PMAA and PVP solutions.
When PMAA and PVP solutions were mixed at 0.0005,
0.02, and 0.04 g/mL, the curves show similar trends.
When PMAA /PVP ranged from 9:1 to 5:5, the surface
tension of the complex system fell first and then
reached its lowest value when PMAA/PVP ranged
from 4:6 to 3:7. This indicates that at these volume
ratios, the carboxyl and carbonyl groups interacted
with each other more completely than at other ratios.
When the concentrations of the component solutions
were 0.005 and 0.002 g/mL, the surface tension of the
complex systems obtained at each volume ratio was
close to that of the component solutions, and this
indicates that the surface tension was related to the
volume ratio and concentration of the component so-
lutions. This phenomenon needs more research.

Analysis of the viscosity of the complex system
PMAA/PVP

The relationships of the viscosity with the shear rates,
volume ratios, and concentrations are shown in Fig-
ures 3-5, respectively. When the concentration of the
component solutions and the volume ratios were cer-
tain, the curves show similar trends; that is, the vis-
cosity of the component solutions and complex sys-
tems decreased as the shear rate increased. When the
concentration of the component solutions (e.g., 0.0005
and 0.002 g/mL) and the shear rate (e.g., 20.1 sfl)
were certain and when PMAA /PVP was 6:4-3:7, the
viscosity of complex systems was higher than that of
complex systems obtained with other ratios. The vari-
ations of the viscosity with the concentration at certain
volume ratios and shear rates is shown in Figure 5; the
two curves show analogous trends. When the concen-

Figure 3 Variation of the viscosity of the complex system
PMAA/PVP with the shear rate at certain concentrations
and volume ratios. The concentrations were (a) 0.0005, (b)
0.002, (c) 0.005, (d) 0.02, and (e) 0.06 g/mL.
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Figure 4 Variation of the viscosity of the complex system
PMAA /PVP with the volume ratio at certain concentrations
(shear rate = 20.1s™"). The concentrations were (a) 0.005 and
(b) 0.02, g/mL.

trations of the PMAA and PVP solutions were 0.0005—-
0.002 g/mL, the viscosity fell, and then the viscosity of
the complex systems increased sharply from 0.002 to
0.005 g/mL; in the end, the viscosity changed little
from 0.005 to 0.06 g/mL.

The experimental results show that at a certain vol-
ume ratio of the component solutions and at a certain
shear rate, when the PMAA and PVP solutions were
mixed at a higher concentration (e.g., 0.06 or 0.02
g/mL), the macromolecular chains were curly and
packed with each other; this caused an agglomerate
gel substance. The viscosity value actually showed the
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Figure 5 Variation of the viscosity of the complex system
PMAA /PVP with the concentration at certain volume ratios
(shear rate = 20.1s71).

viscosity of gel substances, and so the viscosity was
much higher than that of the complex systems ob-
tained at lower concentrations (e.g., 0.002 and 0.0005
g/mL). When PMAA and PVP were mixed at 0.005
g/mL, gel substances were not formed, but many
small and white floccules were obtained, which made
movement of the macromolecule difficult in the sol-
vent; therefore, the viscosity of the complex was also
higher than that of the complex systems obtained at
0.002 and 0.0005 g/mL. When the PMAA and PVP
solutions were mixed at concentrations of 0.002 and
0.0005 g/mL, the complex systems always remained
in the solution state, but the viscosity of the complex
system obtained at 0.0005 g/mL was a little higher
than that of the complex system obtained at 0.002
g/mL. A polyelectrolyte effect of PMAA caused this
result.

When PMAA and PVP solutions of certain concen-
trations were mixed in different volume ratios, the
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viscosity was also different. At higher concentrations,
that is, 0.06, 0.02, and 0.005 g/mL, when PMAA /PVP
ranged from 6:4 to 4:6, the molar contents of the car-
bonyl and carboxyl groups were close to each other
(Table I), and this caused more gel substance or small
floccules to be formed, so the viscosity of the complex
system at these volume ratios was higher than that at
other volume ratios. In addition, at lower concentra-
tions, that is, 0.002 and 0.0005 g/mL, the macrophe-
nomenon was always the solution state being kept at
each ratio, but the viscosity of the complex system
obtained at 6:4—4:6 ratios was also higher than that at
other ratios. This indicated that at these ratios, more
macromolecules reacted with one another, and molec-
ular chains were lengthened and enlarged; this re-
sulted in the viscosity rising.

CONCLUSIONS

The properties of the complex system PMAA /PVP are
related not only to the ratios of the component solu-
tions but also to the concentrations of the component
solutions. Intermacromolecular complexation is a new
way of forming new materials and can be used in
many special fields.
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